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A spark plug including an insulator containing an Al compo-
nent, in terms of oxides, 89 mass % or more and a Ti compo-
nent, in terms of oxides, more than 0 mass % and 0.2 mass %
or less, characterized in that the insulator is formed of an
alumina-based sintered material which contains, in a grain
boundary phase present between alumina crystal grains, a
first crystal phase containing at least one species selected
from among an La component, an Nd component, a Pr com-
ponent, aY component, an Er component, a Yb component,
and an Lu component, and a second crystal phase containing
at least one species of Group 2 element components, an Al
component and an Si component.
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1
SPARK PLUG

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a National Stage of International Appli-
cation No. PCT/JP2013/004973 filed Aug. 23,2013, claiming
priority based on Japanese Patent Application No. 2012-
187262, filed Aug. 28, 2012, the contents of all of which are
incorporated herein by reference in their entirety.

TECHNICAL FIELD

The present invention relates to a spark plug and, more
particularly, to a spark plug having a specific insulator.

BACKGROUND ART

Spark plugs for use in internal combustion engines such as
automobile engines have a spark plug insulator (may be
referred to simply as “insulator” in the specification) formed
from, for example, alumina-based sintered material, contain-
ing alumina (Al,O;) as a predominant component. The insu-
lator is formed from such an alumina-based sintered material,
since the alumina-based sintered material is excellent in heat
resistance, mechanical strength, or the like. The alumina-
based sintered material is formed by sintering a powder mix-
ture containing a sintering aid including SiO,, MgO, or the
like.

However, when a spark plug insulator formed from an
alumina-based sintered material produced by sintering with a
sintering aid, after sintering, the sintering aid may remain
present to form a low-melting-point glass phase at a grain
boundary of alumina crystal grains after sintering. In such a
case, the low-melting-point glass phase is softened under
high-temperature operation conditions of a spark plug; e.g., at
about 700° C., possibly impairing withstand voltage charac-
teristics of the insulator thereof.

Meanwhile, spark plugs have become to be employed not
only with fossil fuels such as gasoline but also with a variety
of'fuels including biofuels (e.g., ethanol). Under such circum-
stances, spark plugs are operated in an acidic atmosphere or in
a basic atmosphere and therefore, are required to have corro-
sion resistance to such an atmosphere.

Patent Document 1 discloses an invention whose object is
to provide “a spark plug which is excellent in resistance to an
acidic atmosphere (hereinafter may be referred to as acid
resistance) and withstand voltage characteristics at high tem-
perature” (paragraph: 0008). A characteristic feature of the
spark plug disclosed in Document 1 resides in that the insu-
lator of the spark plug “is formed of an alumina-based sin-
tered material containing an Si component, a Ba component,
a Ca component, and an Mg component so as to satisty the
following conditions (1) and (2), and substantially containing
no B component” (claim 1). Condition 1 is as follows: the
ratio R, of the mass of the Ca component (as reduced to
oxide) to the mass of the Si component (as reduced to oxide)
is 0.05 to 0.40. Condition 2 is as follows: the ratio R, of the
mass of the Mg component (as reduced to oxide) to the sum of
the mass of the mass of the Si component (as reduced to
oxide), the mass of the Ca component (as reduced to oxide),
and the mass of the Mg component (as reduced to oxide) is
0.01 to 0.08.

Patent Document 1 discloses that the spark plug has excel-
lent resistance to an acidic atmosphere, but is silent on the
resistance to a basic atmosphere.
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2
PRIOR ART DOCUMENTS

Patent Documents

Patent Document 1: Japanese Patent Application Laid-Open
(kokai) No. 2011-70929

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

An object of the present invention is to provide a spark plug
which exhibits excellent withstand voltage characteristics at
high temperature and high resistance to an acidic atmosphere
and a basic atmosphere.

Means for Solving the Problems

Means (1) for attaining the aforementioned object is a
spark plug having an insulator containing an Al component in
an amount as reduced to oxide (hereinafter referred to as
oxide-reduced amount) of 89 mass % or more and a Ti com-
ponent in an oxide-reduced amount more than 0 mass % and
0.2 mass % or less, characterized in that

the insulator is formed of an alumina-based sintered mate-
rial which contains, in a grain boundary phase present
between alumina crystal grains, a first crystal phase contain-
ing at least one species selected from among an La compo-
nent, an Nd component, a Pr component, a Y component, an
Er component, a Yb component, and an Lu component, and a
second crystal phase containing at least one species of Group
2 element components, the Group included in the periodic
table defined by Recommendations 1990, IUPAC, an Al com-
ponent, and an Si component.

In a preferred embodiment (2) of (1) above, when a cross
section of the insulator is analyzed through X-ray diffracto-
metry, the alumina crystal grains have a maximum diffraction
peak height a, the first crystal phase has a maximum diffrac-
tion peak height b, and the second crystal phase has a maxi-
mum diffraction peak height ¢, wherein a, b, and ¢ satisfy the
following relationship (a):

0.025=(b+c)/a=0.12 (a).

In another preferred embodiment (3) of the spark plug as
described in (1) or (2) above, the first crystal phase is
MgRE'Al,, 0,4, RE'Al, 0,4, RE?,81,0,, RE*AlO,, and/or
RE?,Al,0,, (wherein RE! represents at least one species
selected from among La, Nd, and Pr; and RE? represents at
least one species selected from among Y, Er, Yb, and Lu), and
the second crystal phase is CaAl,Si,0y.

In still another preferred embodiment (4) of the spark plug
as described in any of (1) to (3) above, the insulator contains
substantially no Na component or K component, or contains
the Na component and the K component in an oxide-reduced
total amount of 0.2 mass % or less.

Effects of the Invention

The spark plug of the present invention has an insulator
formed of an alumina-based sintered material which contains
an Al component and a Ti component at specific composi-
tional proportions, and in a grain boundary phase present
between alumina crystal grains, the first crystal phase and the
second crystal phase. Therefore, the spark plug provided by
the present invention exhibits excellent withstand voltage
characteristics at high temperature and has resistance to an
acidic atmosphere and a basic atmosphere.
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When a cross section of the insulator is analyzed through
X-ray diffractometry, in the case where the ratio of the sum of
the maximum diffraction peak height b of the first crystal
phase and the maximum diffraction peak height ¢ of the
second crystal phase to the maximum diffraction peak height
a of the alumina crystal grains falls within a specific range,
withstand voltage characteristics at high temperature and
resistance to an acidic atmosphere and a basic atmosphere can
be further enhanced.

The insulator contains substantially no Na component or K
component. If the Na component and the K component are
contained, the oxide-reduced total amount thereofis 0.2 mass
% or less. Thus, crystallization of the first crystal phase and
the second crystal phase included in the grain boundary phase
can be promoted, whereby withstand voltage characteristics
at high temperature and resistance to an acidic atmosphere
and a basic atmosphere can be further enhanced.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1is a partially-sectioned overall view showing a spark
plug which is one example of the spark plug according to the
present invention.

FIG. 2 is an schematic view showing a withstand voltage
measuring apparatus employed for determining withstand
voltage characteristics in the Examples.

MODE FOR CARRYING OUT THE INVENTION

The spark plug according to the present invention essen-
tially has an insulator satisfying the aforementioned condi-
tions. For example, the spark plug includes a center electrode,
a generally cylindrical insulator surrounding the center elec-
trode and satistying the aforementioned conditions, and a
ground electrode disposed such that one end of the ground
electrode faces the center electrode via a spark discharge gap.
So long as the spark plug has an insulator satisfying the
aforementioned conditions, no particular limitation is
imposed on the remaining structure of the spark plug of the
invention, and any of various known structures may be
employed.

Hereinafter, with reference to FIG. 1, the spark plug
according to the present invention, and the insulator, which is
an essential member of the spark plug, will be described. FIG.
1 is a partially-sectioned overall view of the spark plug 1
which is one example of the spark plug according to the
present invention. In the following description, the lower side
of FIG. 1 will be referred to as the forward end side with
respectto the direction of an axis O, and the upper side of F1G.
1 will be referred to as the rear end side with respect to the
direction of the axis O.

As shown in FIG. 1, the spark plug 1 includes a generally
rod-shaped center electrode 2; a generally cylindrical insula-
tor 3 surrounding the center electrode 2; a cylindrical metallic
shell 4 holding the insulator 3; and a ground electrode 6. One
end of the ground electrode 6 is disposed to face the forward
end surface of the center electrode 2 via a spark discharge gap
G, and the other end of the ground electrode 6 is joined to the
metallic shell 4.

The metallic shell 4 has a cylindrical shape, and holds the
insulator 3 inserted thereinto. A screw portion 9 is formed on
the outer circumferential surface of a forward end portion of
the metallic shell 4. The spark plug 1 is attached to the
cylinder head of an unillustrated internal combustion engine
by making use of the screw portion 9. The metallic shell 4 may
be formed of an electrically conductive steel material, such as
low carbon steel. Examples of the standard of the screw
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portion 9 include M10, M12, and M14. In the present inven-
tion, the nominal diameter of screw portion 9 refers to a value
defined in ISO2705 (M12), ISO2704 (M10), and the like.
Needless to say, variance in nominal diameter may be accept-
able, so long as the variance falls within size tolerances stipu-
lated in such standards.

The center electrode 2 assumes a generally rod-like body
extending in the axis O direction. The center electrode 2 is
fixed to the insulator 3 such that its forward end portion
projects from the forward end surface of the insulator 3,
whereby the center electrode 2 is held by the metallic shell 4
and is insulated therefrom. The center electrode 2 may be
formed of a Ni-based alloy or the like, which is excellent in
heat resistance and corrosion resistance.

The ground electrode 6 has, for example, a prismatic shape.
One end of the ground electrode 6 is joined to the end surface
of the metallic shell 4, and is bent into a generally L-like
shape. The shape and configuration of the ground electrode 6
are designed such that a distal end portion of the ground
electrode 6 is aligned with the axis O of the center electrode
2. Since the ground electrode 6 is designed in this manner, the
other end of the ground electrode 6 faces the center electrode
2 via the spark discharge gap G. The spark discharge gap G is
a gap between the forward end surface of the center electrode
2 and the surface of the ground electrode 6, and is generally
set to 0.3 to 1.5 mm. Since the ground electrode 6 is exposed
to a higher temperature, as compared with the center elec-
trode 2, preferably, the ground electrode 6 is formed of an
Ni-based alloy or the like which is more excellent than the
Ni-based alloy of the center electrode 2 in terms of heat
resistance corrosion resistance, etc.

The insulator 3 is formed of the below-described alumina-
based sintered material into a generally cylindrical shape, and
has an axial hole 10 for holding the center electrode 2 along
the axis O of the insulator 3. The insulator 3 is held or fixed by
an inner circumferential portion of the metallic shell 4 by the
mediation of talc and/or packing or the like, such that a
forward end portion of the insulator 3 projects from the for-
ward end surface 4a of the metallic shell 4.

Next, the alumina-based sintered material, which forms the
insulator 3 of the spark plug 1 and which is a characteristic
feature of the invention, will be described in detail. The alu-
mina-based sintered material contains an Al component, a Ti
component, an Si component, at least one species selected
from among Group 2 element components, and at least one
species selected from among RE components (RE compo-
nents: an La component, an Nd component, a Pr component,
a’Y component, an Er component, aYb component, and an Lu
component), and the below-described first crystal phase and
second crystal phase in a grain boundary phase present
between alumina crystal grains. As used herein, the term
“grain boundary phase” refers to a crystalline or amorphous
material (hereinafter may be referred to as glass) other than
alumina crystals which phase is present between alumina
crystal grains.

The alumina-based sintered material has an Al component
content is 89 mass % or higher as reduced to oxide (Al,O;),
preferably 91 mass % or higher, when the total mass of the
alumina-based sintered material (as reduced to oxide) is 100
mass %. The upper limit of the Al component content may be
less than 100 mass %, but is preferably 97 mass % or less for
preventing reduction in sinterability and increase in produc-
tion cost and attaining excellent withstand voltage character-
istics. The Al component is present mainly as alumina
(Al,0;) and is also present as the below-mentioned first crys-
tal phase or second crystal phase. When the alumina-based
sintered material contains the Al component in the aforemen-
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tioned amount, withstand voltage characteristics, heat resis-
tance, mechanical strength, and the like of the material can be
enhanced.

The alumina-based sintered material has a Ti component
whose content is higher than 0 mass % and 0.2 mass % or
lower as reduced to oxide (Ti0O,), more preferably 0.005 mass
% to 0.10 mass %, when the total mass of the alumina-based
sintered material (as reduced to oxide) is 100 mass %. The Ti
component is present in the form of oxide, ion, etc. in the
alumina-based sintered material. The components to be
added to serve as the below-mentioned sintering aids, for
example, the Si component, the Group 2 element component,
and the RE component melt during sintering, to thereby serve
as sintering aids. After completion of sintering, these compo-
nents readily form glass or the like between alumina crystal
grains. However, when the Ti component is incorporated in
the aforementioned amount, the Ti component works as a
nucleating agent and promotes crystallization of the compo-
nents serving as sintering aids, whereby the below-mentioned
first crystal phase and second crystal phase are readily formed
in a grain boundary phase.

When the first crystal phase and second crystal phase are
present in the grain boundary phase, the insulator formed of
the alumina-based sintered material exhibits excellent with-
stand voltage characteristics at high temperature and has
resistance to an acidic atmosphere and a basic atmosphere.
Through formation of the first crystal phase and second crys-
tal phase prior to glass in the grain boundary phase, the
amount of glass, which is a material having poor acid resis-
tance and base resistance, relatively decreases, whereby cor-
rosion is inhibited. In contrast, when the first crystal phase
and second crystal phase, which are a material having high
acid resistance and base resistance, are formed in the grain
boundary phase, conceivably, crystals exhibiting high acid
resistance in an acidic atmosphere and crystal exhibiting high
base resistance in a basic atmosphere inhibit corrosion,
whereby a drop in strength of the insulator is prevented. If no
Ti component is contained, the effect of the nucleating agent
cannot be attained. In this case, difficulty is encountered in
formation of the first crystal phase and second crystal phase,
and the amount of glass relatively increases, resulting in poor
resistance to an acidic atmosphere and a basic atmosphere.
When the Ti component content is in excess of 0.2 mass %,
the Ti component becomes to have a semiconductor-like char-
acteristic at high temperature, to thereby impair withstand
voltage characteristics at high temperature.

The alumina-based sintered material contains at least one
species selected from among the RE components. The RE
components include an LLa component, an Nd component, a
Pr component, a Y component, an Er component, aYb com-
ponent, and an Lu component. The RE components originate
from the sintering aid and are present in the form of oxide,
ion, etc. in the alumina-based sintered material. In order to
enhance withstand voltage characteristics at high temperature
and resistance to an acidic atmosphere and a basic atmo-
sphere, the oxide-reduced RE component content is prefer-
ably 0.5 mass % to 6.0 mass %, when the total mass of the
alumina-based sintered material (as reduced to oxide) is 100
mass %.

The RE components, which are present in the alumina-
based sintered material during sintering, suppress excessive
growth of alumina grains during sintering. A part of the RE
components are crystallized with the Al component, the Si
component, or the like, and are present as crystals in the grain
boundary phase. Another part of the RE components remain
as elements forming the glass present in the grain boundary
phase. The glass containing the aforementioned RE compo-
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nent has high melting temperature. Thus, as compared with a
low-melting-point containing no RE component, withstand
voltage characteristics of the alumina-based sintered material
at high temperature can be enhanced. In addition, with the aid
of the Ti component serving as a nucleating agent, the RE
component forms the first crystal phase having acid resis-
tance and/or base resistance, synergistic with the Al compo-
nent, the Si component, and/or the Group 2 element compo-
nent, or the like. Through formation of the first crystal phase
in a grain boundary phase present between alumina crystal
grains, the amount of glass formed in the grain boundary
phase relatively decreases. Instead, the first crystal phase
having acid resistance and/or base resistance is formed. As a
result, there can be prevented corrosion, which would other-
wise be caused from the causal points of the glass present in
the grain boundary phase, when the spark plug is exposed to
an acidic atmosphere or a basic atmosphere.

The alumina-based sintered material contains the Si com-
ponent. The Si component originates from the sintering aid
employed in sintering and is present in the form of oxide, ion,
etc. in the alumina-based sintered material. The Si component
melts during sintering, to generally form a liquid phase. That
is, the Si component serves as a sintering aid promoting the
densification of the formed sintered material. After comple-
tion of sintering, the Si component generally forms a low-
melting-point glass or the like at the grain boundary phase
formed of alumina crystal grains. However, the alumina-
based sintered material contains, in addition to the Si com-
ponent, the Ti component as a nucleating agent as well as the
RE components, the Group 2 component, and the like. Thus,
the Si component tends to preferentially form the below-
mentioned first crystal phase, the second crystal phase, and
the like with other components, rather than low-melting-point
glass.

The alumina-based sintered material contains at least one
species of the Group 2 element components (hereinafter may
be referred to as Group 2 components). The Group 2 element
components originate from the sintering aid employed in
sintering and may include at least one element of the Group 2
elements in the periodic table defined by Recommendations
1990, TUPAC. From the viewpoint of availability, an Mg
component, a Ca component, an Sr component, and a Ba
component are preferred. The Group 2 component are present
in the form of oxide, ion, etc. in the alumina-based sintered
material. Similar to the Si component before sintering, the
Group 2 components serve as a sintering aid, and, after sin-
tering, form the below-mentioned second crystal phase with
glass and an Al component, an Si component, or the like, in
the grain boundary phase. Through formation of the second
crystal phase in a grain boundary phase present between
alumina crystal grains, the amount of glass formed in the
grain boundary phase relatively decreases. Instead, the sec-
ond crystal phase having acid resistance and/or base resis-
tance is formed. As a result, there can be prevented corrosion,
which would otherwise be caused from the causal points of
the glass present in the grain boundary phase, when the spark
plug is exposed to an acidic atmosphere or a basic atmo-
sphere.

The first crystal phase is formed of crystals containing, as
essential ingredients, at least one species selected from
among an La component, an Nd component, a Pr component,
a’Y component, an Er component, aYb component, and an Lu
component. The first crystal phase has acid resistance and/or
base resistance. The first crystal phase may further contain, in
addition to the aforementioned components, an Al compo-
nent, a Group 2 component, or an Si component. Examples of
the first crystal phase include MgRE'Al,,0,,, RE'Al,, O,
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REZSi,0,, RE?AIO;, RE*AI0,,, and RE?*ALO,
(wherein RE' represents at least one species selected from
among La, Nd, and Pr; and RE? represents at least one species
selected from among Y, Er, Yb, and Lu). The first crystal phase
may be formed of one or more members of these. Among
them, MgRE'Al,,0,,, RE'Al,, 0,4, RE?,8i,0,, RE*AIO;,
and RE?;Al;O, are preferred, since they enhance acid resis-
tance and base resistance when they are co-present with the
below-mentioned second crystal phase.

The second crystal phase is formed of at least one species
of Group 2 element components, the Group included in the
periodic table defined by Recommendations 1990, [UPAC, an
Al component, and an Si component. The second crystal
phase has acid resistance and/or base resistance. Examples of
the second crystal phase include CaAl,Si,04, SrAl,Si,Oy,
and BaAl,Si,0;. The second crystal phase may be formed of
one or more members of these. Among them, CaAl,Si,Oyq is
preferred, since it enhances acid resistance and base resis-
tance when it is co-present with the first crystal phase.

Since the alumina-based sintered material contains the first
crystal phase and the second crystal phase, in a grain bound-
ary phase present between a plurality of alumina crystal
grains, corrosion of the material is prevented when it is
exposed to an acidic atmosphere or a basic atmosphere,
whereby impairment in strength of the material is prevented.
A certain limitation is imposed on the crystals formed in the
rain boundary phase, since there are some crystals having
poor acid resistance or basic resistance in the crystals.
Through deposition of high-acid-resistant crystals and high-
base-resistant crystals in the grain boundary phase, the insu-
lator produced from the alumina-based sintered material
exhibits resistance to an acidic atmosphere and a basic atmo-
sphere. It cannot be predicted which crystal in the first crystal
phase or the second crystal phase has acid resistance or base
resistance. However, through incorporation of the first crystal
phase and the second crystal phase into the grain boundary
phase, the insulator produced from the alumina-based sin-
tered material exhibits resistance to an acidic atmosphere and
a basic atmosphere.

Preferably, the alumina-based sintered material contains
no Na component or K component, or contains the Na com-
ponent and the K component in a total amount (as reduced to
oxide: Na,O or K,0) of 0.2 mass % or less, when the total
mass of the alumina-based sintered material (as reduced to
oxide) is 100 mass %. In other words, preferably, the alumina-
based sintered material contains substantially no Na compo-
nent or K component. In the case where the alumina-based
sintered material contains an Na component or a K compo-
nent, the maximum total amount is preferably 0.2 mass %. In
one case, the Na component and K component may be incor-
porated into an alumina raw material as an unavoidable impu-
rity. In another case, the Na component and K component
may be incorporated into a binder for molding which is added
to a raw material of the alumina-based sintered material when
the raw material is molded. However, when the Na compo-
nent or K component is present, the Si component, the Group
2 component, the RE component, and the like are readily
vitrified after sintering, and difficulty may be encountered in
formation of the first crystal phase and the second crystal
phase in the grain boundary phase. Therefore, the total
amount of the Na component and the K component is prefer-
ably regulated to 0.2 mass % or less.

When a cross section of the insulator 3 is analyzed through
X-ray diffractometry, the alumina crystal grains have a maxi-
mum diffraction peak height a, the first crystal phase has a
maximum diffraction peak height b, and the second crystal
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phase has a maximum diffraction peak height ¢, wherein a, b,
and c preferably satisfy the following relationship (a):

0.025=(b+c)/a=0.12 (a).

When the alumina-based sintered material satisfies the
relationship (a), the spark plug produced therefrom exhibit
further enhanced withstand voltage characteristics at high
temperature and further enhanced resistance to an acidic
atmosphere and a basic atmosphere.

The aforementioned relationship (a) provides a general
index for the ratio of the first crystal phase content or the
second crystal phase content with respect to the amount of
alumina crystals. When the (b+c)/a is less than 0.025; i.e.,
when the first crystal phase content or the second crystal
phase content with respect to the amount of alumina crystals
is small, in one case, crystallization in the grain boundary
phase does not sufficiently proceed, and small amounts of
crystals having acid resistance or base resistance are depos-
ited. In another case, the amount of the Si component, the
Group 2 component, the RE component, or the like added as
a sintering aid is insufficient. In the former case, resistance to
anacidic atmosphere and a basic atmosphere tends to be poor.
In the latter case, sinterability tends to be poor due to insuf-
ficient amount of sintering aid, and withstand voltage char-
acteristics tend to be poor. When the (b+c)/a is more than
0.12, the amount of alumina crystals with respect to the first
crystal phase content or the second crystal phase content is
small, and withstand voltage characteristics tend to be poor.

The maximum heights a, b, and ¢ may be determined in the
following manner. Firstly, any cross section of the insulator 3
is subjected to X-ray diffractometry, to thereby obtain an
X-ray diffraction chart. Through comparison of the thus-
obtained X-ray diffraction chart with the JCPDS cards, which
are data of diffraction profiles of standard substances, the
crystals contained in the alumina-based sintered material are
identified. The peak height of the most intense diffraction
peak among a plurality of diffraction lines of the alumina
crystals is measured, and the value is employed as the maxi-
mum height a.

The maximum height b is determined in the same manner
as employed for determining the maximum height a. Specifi-
cally, the peak height of the most intense diffraction peak
among a plurality of diffraction lines of the first crystal phase
containing at least one species selected from among the RE
components. In the case where the first crystal phase includes
a plurality of crystal phases; e.g., Y,S1,0, and YAIO;, the
peak height b1 of the most intense diffraction peak among a
plurality of diffraction lines of'Y,S1,0, and the peak height
b2 of the most intense diffraction peak among a plurality of
diffraction lines of YAIO, are determined, and the sum (b1+
b2) is employed as the maximum height b.

The maximum height ¢ is determined in the same manner
as employed for determining the maximum height a. Specifi-
cally, the peak height of the most intense diffraction peak
among a plurality of diffraction lines of the second crystal
phase containing at least one species the Group 2 compo-
nents, the Al component, and the Si component is determined.
In the case where the second crystal phase includes a plurality
of crystal phases, the sum of the respective peak heights is
employed as the maximum height ¢, similar to the case of the
maximum height b. In determination of any peak height, a
background is subtracted.

In some cases, no data is found in the JCPDS cards regard-
ing a Pr component and an Nd component. Such a component
cannot be directly identified through X-ray diffractometry.
However, since the ionic radius of Pr°* and that of Nd** are
almost equivalent to that of La>", a first crystal phase contain-
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ing a Pr component or an Nd component exhibits an X-ray
diffraction spectrum similar to that of a first crystal phase
containing an La component shown in the JCPDS card
thereof. Thus, the presence of a first crystal phase containing
a Pr component or an Nd component can be identified with
reference to the JCPDS card of a hexaaluminate crystal con-
taining an La component.

In the present invention, the Al component content, the Ti
component content, or the like of the alumina-based sintered
material may be determined as an oxide-reduced mass or an
oxide-reduced mass % through, for example, fluorescent
X-ray spectrometry or ICP analysis. Specifically, a compo-
nent of the alumina-based sintered material other than the Ti
component may be determined through fluorescent X-ray
spectrometry, and the Ti component may be determined
through ICP analysis. Notably, in the present invention, the
measurements obtained through fluorescent X-ray spectrom-
etry or ICP analysis of the alumina-based sintered material
generally coincide with the proportions of raw material pow-
ders for producing the alumina-based sintered material. Thus,
each component content may be adjusted on the basis of the
relative amount of a raw material powder.

The alumina-based sintered material is substantially com-
posed of at least one species selected from among the RE
components, at least one species selected from among the
Group 2 components, the Al component, the Ti component,
and the Si component. As used herein, the term “substan-
tially” refers to that an additional component other than the
aforementioned components is not intentionally added. Nota-
bly, since each of the above components may contain a
microamount of impurities, the alumina-based sintered mate-
rial may further contain, in addition to these components, any
impurities, so long as the scope of the present invention is not
impaired. Examples of such impurities which may be present
in the alumina-based sintered material include Na, K, and Fe.
The amounts of the impurities are preferably small. For
example, the oxide-reduced total amount of the Na compo-
nent and the K component is preferably 0.2 parts by mass or
less, with respect to the 100 parts by mass of the oxide
reduced mass of the Al component, the Ti component, the RE
components, the Group 2 components, and the Si component,
and other components. The total impurity mass is preferably
0.5 parts by mass or less. Also, the alumina-based sintered
material may further contain, in addition to the aforemen-
tioned impurities, a small amount of another component; e.g.,
a rare earth component other than the RE components (e.g.,
Dy or Eu), so long as the scope of the present invention is not
impaired.

Next, the method for producing a spark plug 1, which is an
example of the spark plug according to the present invention,
will be described in detail. The following is steps for produc-
ing an insulator. Firstly, raw material powders of main com-
ponents; i.e., an Al compound, a Ti compound, an Si com-
pound, a Group 2 element compound, the Group included in
the periodic table defined by Recommendations 1990, [IUPAC
(hereinafter may be referred to as Group 2 compound), and
RE element compounds (RE elements: La, Nd, Pr,Y, Er, Yb,
and Lu) are employed. the powders are mixed with a binder
and a solvent, to thereby prepare a slurry. If needed, additives
such as a plasticizer, a defoaming agent, and a dispersant may
be added.

The raw material powders are preferably mixed for 8 hours
or longer, so that the uniform raw material is formed, and the
formed sintered product has high density.

No particular limitation is imposed on the Al compound
powder, so long as it is a powder of a compound which forms
AL O, firing. Generally, alumina (Al,O;) powder is
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employed. Actually, Al compound powder might contain
unavoidable impurities (e.g., Na component). Therefore, the
Al compound powder preferably has high purity, for example,
99.5% or higher. In order to yield a high-density alumina-
based sintered material, generally, an Al compound powder
having a mean particle size of 0.1 um to 5.0 pm is preferably
employed. The mean particle size is determined through the
laser diffraction method (Microtrac particle size distribution
measuring apparatus (MT-3000), product of Nikkiso Co.,
Ltd.). Preferably, the Al compound powder is prepared such
that the Al oxide content, with respect to 100 mass % of the
total mass (as reduced to oxide) of the alumina-based sintered
material after firing, is adjusted to 89 mass % to 97 mass %,
from the viewpoint of excellent withstand voltage character-
istics.

No particular limitation is imposed on the Ti compound
powder, so long as it is a powder of a compound which can
form Ti oxide through firing. Examples of the Ti compound
include inorganic powders of Ti oxide, Ti complex oxide, Ti
hydroxide, Ti carbonate, Ti chloride, Ti sulfate, and Ti nitrate,
and powder of a natural mineral. When a Ti compound pow-
der other than Ti oxide powder is employed, the amount of the
powder is controlled by the unit of its oxide-reduced mass %.
The purity and mean particle size of the ti compound powder
are generally the same as those of the Al compound powder.
Preferably, the Ti compound powder is prepared such that the
Ti oxide content, with respect to 100 mass % of the total mass
(as reduced to oxide) of the alumina-based sintered material
after firing, is adjusted to more than 0 mass % and 0.2 mass %
or less.

No particular limitation is imposed on the Si compound
powder, so long as it is a powder of a compound which can
form Si oxide through firing. Examples of the Si compound
powder include inorganic powders of Si oxide, Si complex
oxide, Si hydroxide, Si carbonate, Si chloride, Si sulfate, and
Si nitrate, and powder of a natural mineral. When an Si
compound powder other than silicon oxide powder is
employed, the amount of the powder is controlled by the unit
of its oxide-reduced mass %. The purity and mean particle
size of the Si compound powder are generally the same as
those of the Al compound powder.

No particular limitation is imposed on the Group 2 com-
pound powder, so long as it is a powder of a compound which
can form a Group 2 element oxide through firing. Examples
of'the Group 2 compound powder include inorganic powders
of Group 2 element oxide, Group 2 element complex oxide,
Group 2 element hydroxide, Group 2 element carbonate,
Group 2 element chloride, Group 2 element sulfate, and
Group 2 element nitrate, and powder of a natural mineral.
When a Group 2 compound powder other than Group 2 ele-
ment oxide powder is employed, the amount of the powder is
controlled by the unit of'its oxide-reduced mass %. The purity
and mean particle size of the Group 2 compound powder are
generally the same as those of the Al compound powder.

No particular limitation is imposed on the RE element
compound powder, so long as it is a powder of a compound
which can form an RE element oxide through firing.
Examples powders of the RE element compound include RE
element oxide powder, RE element complex oxide, and RE
element hydroxide. The purity and mean particle size of the
RE element compound powder are generally the same as
those ofthe Al compound powder. Preferably, the RE element
compound powder is prepared such that the RE element oxide
content, with respect to 100 mass % of the total mass (as
reduced to oxide) of the alumina-based sintered material after
firing, is adjusted to 0.5 mass % to 6.0 mass %.
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The binder can enhance moldability of the raw material
powders. An example of such a binder is a hydrophilic binder.
Examples of the hydrophilic binder include polyvinyl alco-
hol, water-soluble acrylic resin, gum arabic, and dextrin.
These binders may be used singly or in combination of two or
more species. The binder used in the invention preferably has
alow Na component content and a low K component content,
s0 as not to inhibit crystallization of the first crystal phase and
the second crystal phase. The amount of the binder with
respect to 100 parts by mass of the raw material powder is
preferably 0.1 to 7 parts by mass, particularly preferably 1.0
to 5.0 parts by mass.

The solvent can disperse the raw material powders.
Examples of the solvent include water and alcohol. These
solvents may be used singly or in combination of two or more
species. The amount of the solvent binder with respect to 100
parts by mass of the raw material powder is preferably 40 to
120 parts by mass, particularly preferably 50 to 100 parts by
mass.

The thus-produced slurry is spray dried through, for
example, a spray drying method or the like, to thereby form a
spherical granulated product. The granulated product prefer-
ably has a mean particle size of 30 to 200 um, particularly
preferably 50to 150 pum. The mean particle size is determined
through the laser diffraction method (Microtrac particle size
distribution measuring apparatus (MT-3000), product of Nik-
kiso Co., Ltd.).

Subsequently, the granulated product is press-molded
through, for example, rubber pressing or metal mold pressing,
to thereby yield a green mold. The outer surface of the thus-
obtained green mold is polished by means of resinoid grind
stone or the like, to thereby work the green mold to a desired
shape.

The thus-polished finished green compact having a desired
shape is fired in air at 1,450 to 1,650° C. for 1 to 8 hours, and
cooled to 1,200° C. at a cooling rate of 5 to 30° C./min,
followed by allowing to cool to ambient temperature, to
thereby yield an alumina-based sintered material. When the
firing temperature is 1,450 to 1,650° C., the sintered material
tends to have sufficient density, and anomalous grain growth
of the alumina component is prevented, whereby the pro-
duced alumina-based sintered material reliably has excellent
withstand voltage characteristics and mechanical strength.
Also, when the firing time is 1 to 8 hours, the sintered material
tends to have sufficient density, and anomalous grain growth
of the alumina component is prevented, whereby the pro-
duced alumina-based sintered material reliably has excellent
withstand voltage characteristics and mechanical strength.
When the cooling rate from the firing temperature to 1,200°
C. is 5 to 30° C./min, the Si compound powder, the Group 2
compound powder, the RE element compound powder, and
the like, which have been added as sintering aids, are readily
crystallized, to thereby facilitate deposition of the first crystal
phase and the second crystal phase in the grain boundary
phase. As a result, an alumina-based sintered material having
excellent withstand voltage characteristics and resistance to
an acidic atmosphere and a basic atmosphere can be pro-
duced.

If needed, the shape and related properties of the thus-
produced alumina-based sintered material may be modified
again. Through the aforementioned procedure, the alumina-
based sintered material can be produced. The insulator 3 of
the spark plug 1 made of the alumina-based sintered material
can be produced.

Separately, an electrode material such as an Ni-base alloy
is worked to a specific shape having specific dimensions, to
thereby form the center electrode 2 and the ground electrode
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6. Subsequently, one end of the ground electrode 6 is joined,
through electric resistance welding or a similar technique, to
the end surface of the metallic shell 4 formed through plastic
working or the like to a shape of interest. Then, the center
electrode 2 is integrated to the insulator 3 through a known
technique. The insulator 3 is integrated into the metallic shell
4 to which the ground electrode 6 has been joined. Then, the
forward end portion of the ground electrode 6 is bent toward
the center electrode 2 so that one end of the ground electrode
6 faces the forward end portion of the center electrode 2,
whereby the spark plug 1 is produced.

The spark plug 1 is employed as a spark plug of an auto-
motive internal combustion engine such as a gasoline engine.
In use, the screw portion is fixed to a predetermined position
of'a head which defines a combustion chamber of the internal
combustion engine (not illustrated) by screwing the portion
with an internal thread provided therethrough. Since the spark
plug 1 has the aforementioned insulator, the spark plug exhib-
its excellent withstand voltage characteristics and mechanical
strength, at ambient temperature and high temperature, and
has resistance to an acidic atmosphere and a basic atmo-
sphere. Therefore, the spark plug 1 can be employed in any
type of internal combustion engines. Specifically, the spark
plug can be suitably employed in a conventional internal
combustion engine, and also in an internal combustion or the
like whose combustion chamber is readily exposed to an
acidic atmosphere and/or a basic atmosphere.

The spark plug of the present invention is not limited to the
aforementioned embodiment and may be modified in a vari-
ety of manners, so long as the object of the present invention
can be attained.

Examples

1. Production and Evaluation of Alumina-Based
Sintered Materials

Production of Alumina-Based Sintered Materials

The following raw material powders were used: alumina
(Al,0;) powder having a mean particle size 0 0.2 to 2.1 um,
a titanium compound (Ti oxide) powder, an Si compound
(Si0,) powder, a Group 2 element compound (carbonate of
Ca, Mg, Sr, or Ba) powder, and an RE element compound
(shown in TABLE 1) powder. In each case, these powders
were mixed with polyvinyl alcohol serving as a binder and
water serving as a solvent, to thereby prepare a slurry.

The thus-obtained slurry was dried through spray drying or
a similar technique, to thereby prepare a granulated product
having a mean spherical particle size of about 100 um. Then,
the granulated product was press-molded, to thereby yield a
disk-shape green compact. The green compact was fired at
1,450° C. to 1,650° C. in air for 2 to 8 hours as shown in
TABLE 2 and then cooled from the firing temperature to
1,200° C. at an average cooling rate of 5 to 200° C./min,
followed by allowing the compact to cool to ambient tem-
perature, to thereby yield a disk-shape alumina-based sin-
tered member having a diameter of 18 mm and a thickness of
0.3 to 0.5 mm.

(Determination of Component Content)

The compositional proportions (i.e., component contents)
of the thus-produced alumina-based sintered material were
determined. The amount of a component of the alumina-
based sintered material other than the Ti component was
determined through fluorescent X-ray spectrometry, and the
amount of the Ti component was quantitated through ICP
analysis. Each of the thus-determined component contents
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was a relative amount (%) of the component to the total
amount of the oxides of all the components as 100 mass %. As
a result, the component proportions shown in TABLE 1 and
the measurements (component contents) obtained through
the component analysis of the alumina-based sintered mem-
bers generally coincided with the proportions of raw material
powders.

(Presence of First Crystal Phase and Second Crystal Phase)

A cut surface of each alumina-based sintered member was
polished, and the polished surface was subjected to X-ray
diffractometry by means of an X-ray diffractometer (model:
MiniFLex, product of Rigaku) under the following condi-
tions: X-ray, CuKa (A=1.54 A); scanning speed, 4°/min;
sampling width, 0.020°; and divergence slit width, 1 mm.
Through comparison of the thus-obtained X-ray diffraction
chart with the JCPDS cards, the presence of the first crystal
phase, the second crystal phase, and other crystal phases was
confirmed in the grain boundary phase of each alumina-based
sintered member, as shown in TABLE 1.

(Withstand Voltage Test)

Withstand voltage of each alumina-based sintered member
was measured at 700° C. by means of a withstand voltage
measuring apparatus 20 shown in FIG. 2. As shown in FIG. 2,
the withstand voltage measuring apparatus 20 has a heating
box 22. In the heating box 22, a disk-shape alumina-based
sintered member 21 is supported in the direction of axis X by
means of alumina ceramic cylinders 24a, 24b, which sur-
round the electrodes 23a, 23b. The contact portion between
one surface of the alumina-based sintered member 21 and the
alumina ceramic cylinder 24a, and that between the other
surface of the member 21 and the alumina ceramic cylinder
245 are sealed along the entire periphery thereof with an
SiO,-based sealing glass 25. The diameter of each of the
electrodes 23a, 235 is gradually reduced toward the end of the
electrode, which is in contact with the alumina-based sintered
member 21. That is, the end of each electrode assumes the
shape of a hemi-sphere. In order to prevent generation of
electric discharge between the electrodes 23a, 235 and the
heating box 22, the peripheral surfaces of the electrodes 23a,
23b are covered with the corresponding alumina ceramic
cylinders 28a, 285. By means of the withstand voltage mea-
suring apparatus 20, a predetermined high voltage was
applied to the alumina-based sintered member 21 in the heat-
ing box 22 whose temperature was regulated to 700° C. by
means of an electric heater 26. The high voltage was gener-
ated by a high-voltage generator 27 that can apply a voltage as
high as some tens of kilovolts to the alumina-based sintered
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member 21. The voltage at which dielectric breakdown
occurred in the alumina-based sintered member 21 was mea-
sured and was divided by the thickness of the breakthrough
portion of the alumina-based sintered member. The ratio was
employed as the “withstand voltage” of the alumina-based
sintered material 21. TABLE 2 shows withstand voltage val-
ues determined at 700° C.

(Acid Resistance Test and Base Resistance Test)

Similar to the aforementioned alumina-based sintered
members, test pieces each having the same structure and
dimensions (thickness of 3 mm, width of 4 mm, and full
length of 40 to 45 mm) were produced. The thus-produced
alumina-based sintered members (test pieces) were subjected
to “Acid and alkali corrosion test of fine ceramics™ defied by
JIS R1614. Mechanical strength of each alumina-based sin-
tered member was measured before and after the corrosion
test, and acid resistance or base resistance was evaluated on
the basis of a drop in mechanical strength. In the acid resis-
tance test of the corrosion test, a test piece was immersed in
6N sulfuric acid and boiled for 24 hours. In the base resistance
test of the corrosion test, a test piece was immersed in 6N
aqueous sodium hydroxide and boiled for 24 hours. After the
corrosion test, each test piece was washed and dried, and
bending strength S2 ofthe test piece was determined in accor-
dance with JIS R 1601. Bending strength S1 of the test piece
before corrosion test was similarly determined. From the
bending strength values S2 and S1, percent strength drop
((S1-S2)/S1x100)(%) was calculated. TABLE 2 shows the
results.

(Evaluation)

As described above, alumina-based sintered members
were subjected to the withstand voltage test, acid resistance
test, and base resistance test. In the withstand voltage test, a
with stand voltage of 60 kV/mm or higher was rated with “A,”
that of 50 kV/mm or higher and lower than 60 kV/mm was
rated with “O,” and that lower than 50 kV/mm was rated with
“X.” In the acid resistance test, an acid resistance of 40% or
less was rated with “A,” that more than 40% and 49% or less
was rated with “O,” and that more than 49% was rated with
“X.” In the base resistance test, a base resistance of 30% or
less was rated with “A,” that more than 30% and 33% or less
was rated with “O,” and that more than 33% was rated with
“X” In general evaluation, the case where at least one rating
of the three ratings was “X” was rated with “X.,” the case
where three ratings were “O” was rated with “O,” and the case
where three ratings were “O” or more excellent and at least
one rating was “A” was rated with “A”

TABLE 1

X-RAY

ALUMINA-BASED SINTERED MATERIAL COMPOSITION PEAK

(OXIDE-REDUCED MASS %) RATIO

RE AS CRYSTAL PHASE b+

ALO, Si0, Ca0 MgO SrO BaO POWDER  RE,0; Na,0 K,0O TiO, 1ST 2ND OTHER  c)a

COMP. 9447 273 200 0.10 0.20 0.50 — — —
EX. 1

COMP. 9447 273 200 0.10 0.20 0.50 — — —
EX.2

COMP. 9447 273 200 0.10 0.20 0.50 — — —
EX.3

COMP. 9447 273 200 0.10 0.20 0.50 — — —
EX. 4

COMP. 9434 290 042 130 1.04 — CaALS,Og MgO 0.020
EX.5

COMP. 9295 310 005 1.30 0.10 YAIO, 2.50 YAIO, MgO 0.020

EX. 6
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TABLE 1-continued
X-RAY
ALUMINA-BASED SINTERED MATERIAL COMPOSITION PEAK
(OXIDE-REDUCED MASS %) RATIO
RE AS CRYSTAL PHASE b+
ALO; SiO, CaO MgO SO BaO POWDER RE,0; Na,0 K,0 TiO, 1ST 2ND OTHER  c)a
COMP. 9334 290 042 030 1.04 Lay0, 2.00 — — —
EX.7
COMP. 9272 310 050 0.8 0.90 YAIO, 2.50 — — —
EX.8
COMP. 8575 575 125 0.70 2.25 La,0, 4.00 0.30 MgLaAl;;0,0 CaAl,Si,O 0.150
EX.9
COMP. 8550 7.00 2.00 0.30 0.90 YAIO, 4.00 0.30 YAIO, BaAl,Si,Og 0.150
EX. 10
EX. 1 9265 290 0.10 040 1.50 020 La,0, 2.20 0.05 MgLaAl; ;05  SrAlLSi,Og 0.059
EX.2 9285 290 0.0 040 1.50 2.20 0.05 MgLaAl; ;0,0 BaAl,Si,Og 0.065
EX.3 9281 3.10 0.0 0.28 0.90 220 010 0.10 001 MglaAl; ;0,5 CaAlSi,Oq 0.025
EX. 4 9297 3.10 050 028 0.90 2.20 0.05 MgLaAl;;0,, CaAlLSi,0O¢ 0.060
EX.5 9371 2.80 0.6 0.28 1.00 1.60 0.05 MgLaAl; ;0,0 CaAl,Si,Og 0.035
EX. 6 9324 290 042 030 1.04 2.00 0.10 MgLaAl;;0,0 CaAl,Si,Oq 0.075
EX.7 9335 3.00 046 0.24 1.10 1.80 0.05 MgLaAl; ;0,0 CaAl,Si,Oq 0.058
EX.8 9258 320 048 0.30 0.84 2.40 0.20 MgLaAl,;;0,, CaAlLSi,O¢ 0.100
EX.9 9398 290 0.52 025 0.94 1.40 0.01 MgLaAl;;0,, CaAl,Si,Oq 0.025
EX.10 8975 453 073 041 1.32 3.21 0.05 MgLaAl; ;0,0 CaAl,Si,Oq 0.088
EX.11 9297 3.10 050 0.8 0.90 Nd,O, 2.20 0.05 MgNdAl,,0,, CaAl,Si,0 0.065
EX.12 9297 3.10 050 0.8 0.90 Pr,0, 2.20 0.05 MgPrAl; ;0,5  CaAlLSi,Og 0.067
EX.13 9325 310 050 0.00 0.90 La,05 2.20 0.05 LaAl; 0} CaAl,Si,0 0.064
EX.14 9625 1.86 030 0.17 0.54 0.83 0.05 MgLaAl; ;0,0 CaAl,Si,Oq 0.040
EX.15 9329 290 042 0.30 1.04 2.00 0.05 MgLaAl; ;0,0 CaAl,Si,Oq 0.040
EX.16  91.09 290 042 230 1.04 2.20 0.05 MgLaAl; ;0,0 CaAl,Si,O 0.130
EX.17 9217 3.60 050 0.8 0.90 Y,ALO, 2.50 0.05 Y,ALO, CaAl,Si,0 0.080
EX.18 9267 3.10 0.10 0.8 1.30 YAIO3 2.50 0.05 YAIO, BaAl,Si,Og 0.080
EX.19 9267 3.10 050 0.8 0.90 2.50 0.05 YAIO, CaALSi,0g 0.070
EX.20 9267 310 0.0 028 130 2.50 0.05 YAIO, SrAl,Si,Og 0.075
EX.21 8920 420 0.5 0.80 1.25 3.50 0.20 YAIO, CaAl,Si,0g 0.120
EX.22 9251 310 050 0.8 0.90 250 010 010 0.01 YAIO, CaAl,Si,0 0.025
EX.23 9649 220 030 0.10 0.30 0.60 0.01 YAIO, CaALSi,0g 0.036
EX.24 9267 310 050 0.28 0.90 Y5ALO,, 2.50 0.05 Y5ALO,, CaAl,Si,0g 0.080
EX.25 9217 3.60 050 0.8 0.90 Y,Si,0, 2.50 0.05 Y,Si,0, CaAl,Si,0g 0.068
EX.26 9267 3.10 050 0.8 0.90 ErAlO, 2.50 0.05 ErAlO, CaALSi,0g 0.080
EX.27 9267 310 050 0.28 0.90 Er;AlsO), 2.50 0.05 Er;AlsO), CaAl,Si,0g 0.062
EX.28 9267 3.10 050 0.8 0.90 Er,Si,0, 2.50 0.05 Er,Si0, CaAl,Si,0g 0.063
EX.29 9267 3.10 050 0.8 0.90 YbAIO, 2.50 0.05 YbAIO, CaALSi,0g 0.080
EX.30 9267 3.10 050 0.8 0.90 Yb,Als0,, 2.50 0.05 YbyAL0,, CaAl,Si,0g 0.070
EX.31 9267 3.10 050 0.8 0.90 Yb,Si,0, 2.50 0.05 Yb,Si,0, CaAl,Si,0g 0.072
EX.32 9267 3.10 050 0.28 0.90 LuAlO, 2.50 0.05 LuAlO, CaALSi,0g 0.060
EX.33 9267 3.10 050 0.28 0.90 LuAlsO,, 2.50 0.05 LuAlsO, CaAl,Si,0g 0.092
EX.34 9267 3.10 050 0.28 0.90 Lu,Si,0, 2.50 0.05 Lu,Si,0, CaAl,Si,0g 0.090
EX.35 9267 3.10 050 0.8 0.90 YAIO, 2.50 0.05 YAIO, CaALSi,0g 0.058
EX.36 9197 3.10 050 2.28 0.90 1.20 0.05 YAIO, CaAl,Si,0g 0.130
TABLE 2
TEST RESULTS (SCORES)
FIRING CONDITIONS 700° C.
COOLING  WITHSTAND ACID TEST BASE TEST GENERAL
TEMP. TIME RATE VOLTAGE STRENGTH STRENGTH EVALUA-
C) ()  (°C./min) (kV/mm) DROP (%) DROP (%) TION
COMP. EX. 1 1500 2 15 32 X 55 X 38 X X
COMP. EX. 2 1500 2 15 38 X 54 X 36 X X
COMP. EX. 3 1550 2 15 33 X 55 X 36 X X
COMP. EX. 4 1550 2 15 37 X 55 X 37 X X
COMP. EX. 5 1500 2 15 45 X 50 X 35 X X
COMP. EX. 6 1650 2 15 49 X 50 X 34 X X
COMP. EX. 7 1500 2 200 63 A 56 X 35 X X
COMP. EX. 8 1550 2 200 61 A 57 X 37 X X
COMP. EX. 9 1500 2 5 38 X 48 ¢} 34 X X
COMP. EX.10 1550 2 5 49 X 45 ¢} 34 X X
EX. 1 1550 2 5 58 ¢} 42 ¢} 31 ¢} ¢}
EX.2 1650 2 5 58 ¢} 43 ¢} 31 ¢} ¢}
EX.3 1550 2 5 55 ¢} 40 A 32 ¢} A
EX. 4 1550 2 5 62 A 35 A 27 A A
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TABLE 2-continued
TEST RESULTS (SCORES)
FIRING CONDITIONS 700° C.
COOLING  WITHSTAND ACID TEST BASE TEST GENERAL
TEMP. TIME RATE VOLTAGE STRENGTH STRENGTH EVALUA-
C) ()  (°C./min) (kV/mm) DROP (%) DROP (%) TION

EX.5 1550 1 5 68 A 38 A 29 A A
EX. 6 1550 2 5 65 A 36 A 27 A A
EX.7 1550 2 5 63 A 37 A 28 A A
EX.8 1600 2 5 60 A 35 A 26 A A
EX.9 1550 4 5 65 A 38 A 29 A A
EX. 10 1450 8 5 60 A 40 A 30 A A
EX. 11 1550 2 5 65 A 38 A 27 A A
EX. 12 1550 2 5 67 A 37 A 28 A A
EX. 13 1550 2 5 63 A 38 A 27 A A
EX. 14 1650 4 5 65 A 35 A 26 A A
EX. 15 1550 2 30 65 A 39 A 29 A A
EX. 16 1500 2 5 60 A 35 A 23 A A
EX. 17 1550 2 5 61 A 39 A 29 A A
EX. 18 1550 2 5 58 ¢} 42 ¢} 31 ¢} ¢}
EX. 19 1550 2 5 68 A 35 A 26 A A
EX. 20 1550 2 5 60 A 40 A 29 A A
EX.21 1650 4 5 55 ¢} 36 A 26 A A
EX. 22 1500 2 5 56 ¢} 40 A 32 ¢} A
EX. 23 1450 8 5 67 A 33 A 25 A A
EX. 24 1550 2 5 66 A 36 A 28 A A
EX. 25 1550 2 5 68 A 38 A 27 A A
EX. 26 1550 2 5 66 A 36 A 27 A A
EX. 27 1550 2 5 67 A 36 A 29 A A
EX. 28 1550 2 5 67 A 37 A 29 A A
EX. 29 1550 2 5 68 A 37 A 28 A A
EX. 30 1550 2 5 68 A 37 A 27 A A
EX.31 1550 2 5 68 A 37 A 28 A A
EX. 32 1550 2 5 67 A 36 A 27 A A
EX. 33 1550 2 5 66 A 35 A 29 A A
EX. 34 1550 2 5 65 A 35 A 26 A A
EX. 35 1550 2 3 68 A 37 A 28 A A
EX. 36 1550 2 5 68 A 38 A 28 A A

As is clear from TABLES 1 and 2, the alumina-based
sintered members of the Examples falling within the scope of
the scope of the present invention exhibited high withstand
voltage even at a high temperature of 700° C., and a small
percent strength drop after the acid resistance test or the base
resistance test, indicating resistance to an acidic atmosphere
and a basic atmosphere.

2. Production of Spark Plug

Similar to the aforementioned alumina-based sintered
members, an insulator formed of a generally cylindrical alu-
mina-based sintered material was produced. In the same man-
ner, spark plugs were manufactured by use of the insulator.
The thus-produced spark plugs exhibited excellent withstand
voltage characteristics at high temperature and had resistance
to an acidic atmosphere and a basic atmosphere.

DESCRIPTION OF REFERENCE NUMERALS

1 spark plug

2 center electrode

3 insulator

4 metallic shell

5 noble metal tip

6 ground electrode

9 screw portion

10 axial hole

G spark discharge gap

40

45

50

60

65

The invention claimed is:

1. A spark plug having an insulator containing an Al com-
ponent, in terms of oxides, 89 mass % or more and a Ti
component, in terms of oxides, more than 0 mass % and 0.2
mass % or less, characterized in that

the insulator is formed of an alumina-based sintered mate-

rial which contains, in a grain boundary phase present
between alumina crystal grains, a first crystal phase con-
taining at least one species selected from among an La
component, an Nd component, a Pr component, a Y
component, an Er component, a Yb component, and an
Lu component, and a second crystal phase containing at
least one species of Group 2 element components, the
Group included in the periodic table defined by Recom-
mendations 1990, IUPAC, an Al component, and an Si
component.

2. A spark plug according to claim 1, wherein, when a cross
section of the insulator is analyzed through X-ray diffracto-
metry, the alumina crystal grains have a maximum diffraction
peak height a, the first crystal phase has a maximum diffrac-
tion peak height b, and the second crystal phase has a maxi-
mum diffraction peak height ¢, wherein a, b, and ¢ satisfy the
following relationship (a):

0.025=(b+c)/a=0.12 (a).

3. A spark plug according to claim 1, wherein the first
crystal phase is MgRE'Al, ,0,,, RE*Al,, 0,4, RE?,Si,0,,
RE?AIO,, and/or RE?;Al;O,, (wherein RE' represents at
least one species selected from among La, Nd, and Pr; and
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RE? represents at least one species selected from among Y, Er,
Yb, and Lu), and the second crystal phase is CaAl,Si,Os.

4. A spark plug according to claim 1, wherein the insulator
contains substantially no Na component or K component, or
contains the Na component and the K component, in terms of 5
oxides, 0.2 mass % or less in total.

#* #* #* #* #*



